Summary

Introduction
1
Fructans are fructose polymers present in many plants, including cereals and 2 grasses, as reserve carbohydrates. Fructans are also claimed to enhance the tolerance 3 of plants to cold and drought (Ritsema & Smeekens 2003) . Fructan synthesis is 4 dependent on sucrose accumulation and it has been demonstrated there is a threshold 5 concentration of sucrose for fructan production (Pontis 1970; Pollock et al. 2003) , 6
accompanied by an induction of gene expression and enzyme activity, so that sucrose 7
is not only a substrate, but also an effector for induction of fructosyltransferase 8 activity (Wagner et al. 1986; Pollock & Cairns 1991) . Among the 9 fructosyltransferases, sucrose:fructan 6-fructosyltransferase (6-SFT) is particularly 10 strongly induced by the external application of sucrose, the level of mRNA for this 11 enzyme increasing conspicuously at the same time (Müller et al. 2000) . The cloning 12 of the barley 6-SFT and its induction by light and sucrose has recently been reported 13 (Nagaraj et al. 2001 ). Trehalose, a disaccharide homologous to sucrose, induced the 14 activity of sucrose:sucrose fructosyltransferase (SST) but did not stimulate fructan 15 accumulation (Wagner et al. 1986 ). Trehalose had stimulatory effects on 6-SFT 16 activity and, to a lesser extent, on 6-SFT mRNA, even in the presence of 17 validoxylamine A, a potent trehalase inhibitor (Müller et al. 2000) . Since hexoses 18 glucose has no marked effect (Müller et al. 1998) , and also induces the expression of 1 then measuring glucose and fructose released as above, and substracting free glucose 1 and fructose. Fructans were hydrolyzed with fructanase (Megazyme) -which 2 according to the manufacturer completely hydrolyzes cereal fructans -in sodium 3 acetate buffer (pH 4.5) for 30 min before analyzing glucose and fructose with the 4 method described; to these, free-and sucrose-hexoses were substracted. Amino acids 5
were analyzed according to Hare (1977) . The insoluble residue of the ethanol and 6 water extracts was homogenized with water and autoclaved (ap Rees et al. 1977) and 7 starch was measured as glucose in the supernatant after incubation at 37 ºC with 8 amyloglucosidase (essentially free of β-glucanase activity) and α-amylase (Roche 9
Diagnostics, Barcelona, Spain). Tests were performed for specificity of sucrase and 10 fructanase against sucrose and fructan (kestose, kestotetraose and kestopentaose -11 Megazyme) standards, and for complete hydrolysis to hexoses of these 12
carbohydrates. Including small, representative amounts of metabolites in the 13 extraction medium, recovery was above 87% of the amount added. 14 15
Fructosyl transferase assay 16
For analysis of fructosyltransferase activity with the high concentrations of extract 17 and substrate required for fructan polymerization (Cairns et al. 1999) , 0.2 g of frozen 18
leaves were extracted in a chilled mortar with 1.2 ml of 50 mM citrate-phosphate 19 buffer (pH 5.5), 2 mM dithiothreitol (DTT) and 2 mM ethylenediaminetetraacetic 20 acid (EDTA). After centrifugation at 17000 g at 5 ºC for 5 min, PEG-6000 to a final 21 concentration of 40 % was added to the supernatant, which was allowed to stand on 22 ice for 45 min before centrifugation at 17000 g at 5 ºC for 5 min. The supernatant 23 was then discarded and the precipitate dissolved in 120 µl of extraction buffer. The 24 dissolved extract was incubated with 600 mM sucrose (final concentration) in a total 25 volume of 170 µl at 30 ºC. At 5, 15, 30, 60 and 90 min the reaction was stopped in 1 20 µl aliquots by heating at 90 ºC for 5 min. After cooling and suspending in water, 2 glucose and fructose were analyzed. Fructosyltransferase activity was estimated as 3 the sucrose-dependent production of glucose minus fructose, and invertase activity as 4 the sucrose-dependent production of fructose (although it also includes fructosyl 5 transfer to water by fructosyltransferases) (Lüscher and Nelson 1995) . 6 7 Nitrate reductase and Rubisco 8
Subsamples of frozen leaves were extracted and analyzed for Nitrate Reductase 9 activity in the absence or presence of Mg 2+ as described (Scheible et al. 1997b) , with 10 either 10 mM magnesium acetate (selective activity) or 5 mM EDTA (total activity) 11 in the assay buffer; the activation state is given by the ratio of both activities. For 12
Rubisco activity assays, a procedure based on that described by Lilley and Walker 13 (1974) , as modified by Ward and Keys (1989) and Sharkey et al. (1991) , was 14 followed. Aliquots of the frozen leaves were ground in a mortar with liquid nitrogen 15 and extracted with 100 mM N,N-Bis(2-hydroxyethyl)glycine (Bicine)-NaOH (pH 16 7.8), 10 mM MgCl 2 , 10 mM β-mercaptoethanol and 2% polyvinylpolypyrrolidone 17 (PVPP) (w/v). An aliquot of the whole extract was used to determine chlorophyll 18 contents (Arnon, 1949) and the remainder was centrifuged at 13000 g. The total time 19 from extraction to the assay of initial Rubisco activity was less than 2.5 min. Activity 20 was assayed by adding extract to a mixture of 100 mM Bicine (pH 8.2), 20 mM 21 MgCl 2 , 10 mM NaHCO 3 , 10 mM KCl, 1 mM Ribulose-1,5-bisphosphate (RuBP), 22 0.2 mM NADH, 5 mM ATP, 5 mM creatine phosphate, 52 units/ml phosphocreatine 23 kinase, 12 units/ml phosphoglycerate kinase, 11 units/ml glyceraldehyde 3-phosphate 24 dehydrogenase and recording the decrease in absorbance at 340 nm minus 400 nm 25 for 40-60 s, at a stoichiometry of 2:1 between NADH oxidation and RuBP 1 carboxylation. To assay total Rubisco activity, an aliquot of the extract was 2 incubated with NaHCO 3 and MgCl 2 for 10 min at room temperature prior to the 3 addition of coupling enzymes and NADH; the reaction was started by adding RuBP. 4
The activation state was estimated as initial activity as a percentage of total activity. 5
Commercial coupling enzymes suspended in ammonium sulphate were precipitated 6 by centrifugation and dissolved in 20 % glycerol (Sharkey et al., 1991) . With the 7 assay buffer described, the initial lag in the reaction reported by others (Ward & 8 Keys, 1989; Sharkey et al., 1991) was not observed. Checks were made for the 9 linearity of enzyme activities over time and for the proportionality between rate and 10 amount of extracts. 11
Protein electrophoresis and blotting 13
Proteins were extracted from frozen leaf subsamples ground to a fine powder in 14 50 mM citrate-phosphate buffer (pH 5.5), 1 mM EDTA, 5 mM 6-aminocaproic acid, 15 2 mM benzamidine, 5 mM β-mercaptoetanol, 1 mM phenylmethylsulphonyl fluoride 16 (PMSF) for 20 min on ice, followed by centrifugation at 12000 g at 4 ºC for 25 min. 17
Protein content was measured in the decanted supernatant (Bradford 1976) and five 18 volumes of cold acetone were added to an aliquot containing 500 µg protein, which 19 was left overnight in the freezer. The sample was then centrifuged at 12000 g at 4 ºC 20 for 15 min and the acetone allowed to evaporate. The precipitate was dissolved in 65 21 mM Tris-HCl (pH 6.8), 25 % glycerol, 0.6 M β-mercaptoetanol, 2.5 % sodiumdodecyl sulphate (SDS) and 0.01% bromophenol blue at 96 ºC for 7 min. The 23 samples were cooled at room temperature and loaded on a 12.5 % sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (Martín del Molino et 1 al. 1995) . The proteins were electro-blotted to PVDF membranes using a semi-dry 2 transfer unit (trans blot, BioRad). Quantitative transfer of proteins was checked by 3 staining of the transferred gels with Coomassie Brilliant Blue. The membranes were 4 then incubated in 5 % low fat milk, 20 mM Tris (pH 7.5), 500 mM NaCl (TBS) for 6 5 h. After washing with 20 mM Tris (pH 7.5), 500 mM NaCl, 0.05% Tween-20 6 (TTBS), the membranes were probed with antibodies raised against 6-SFT. 
Statistical methods 19
Analyses of variance were performed as in a fully randomized factorial 20 experiment according to Snedecor and Cochran (1967) , and from these the standard 21 errors of differences were derived. These errors were preferred to the standard errors 22 of means as estimates of the treatment effects. 23
Results
1
Incubation of excised leaves in the light 2
Carbohydrate and amino acid contents 3
The contents of carbohydrates and enzyme activities in leaves attached to the 4 plant at the beginning of the incubations are included in the figures for comparison 5 and will not be described further. Fructan concentrations increased with time of 6 incubation and light intensity (Fig. 1) , showing a positive response to carbon supply 7 and probably also to induction of activity of fructan synthesis enzymes (Wagner et 8 al. 1986; Pollock & Cairns 1991) . In contrast, fructan decreased with 10 mM nitrate 9 as compared to water, and relatively more so with a higher light intensity and thus 10 with higher carbon supply; 1 mM nitrate had little effect on fructan contents. 11
Glutamine (10 mM) had no significant effect on fructan contents. The responses of 12 glucose and fructose to incubation conditions were similar to those described for 13 fructan, except for a negative effect of glutamine as compared to water on the 14 concentration of these sugars after 24 h. It may be noted that glucose contents were 15 2-7 fold higher that those of fructose. Sucrose did not show the same response to 16 nitrogen as fructan and hexoses. Although sucrose increased in response to light 17 intensity, as the other carbohydrates did, it did not decrease. After 7 h incubations, an 18 increase in light intensity had a negative, rather than positive effect on starch 19 contents, possibly because the flux of carbon was directed towards the synthesis of 20 other compounds for the first hours. Starch increased with light intensity after 24 h, 21
and was not significantly affected by nitrate or glutamine. The duration of 22 incubations strongly increased amino acid contents in leaves in 10 mM nitrate and, 23 specially, in glutamine (Fig. 2) . Rising the light intensity increased the amino acidcontents at 24 h in leaves fed with 10 mM nitrate and glutamine, but not in those fed 1 with 1 mM nitrate or water. Feeding 10 mM nitrate and, to a great extent glutamine, 2 increased the amino acid contents. 3
Enzyme activities and amounts 4
Maximal Nitrate Reductase activity did not change significantly with time of 5 incubation or light intensity (Fig. 3) . Nitrate increased the activity, more at 10 mM 6 than at 1 mM concentration, and increased the activation of the enzyme similarly 7 with the two concentrations. Glutamine did not affect the activity or the activation of 8 this enzyme. 9
Rubisco activity increased with light intensity, specially at 7 h, and in leaves 10 incubated under high light, it decreased from 7 to 24 h (Fig. 4) . Rubisco activation 11 state also increased with light intensity and, generally, with time of incubation. 12
Nitrate and glutamine did not affect the activity or the activation state of Rubisco. 13
Antibodies were raised against the peptides corresponding to amino acids 430-14 443 (49 kDa subunit) and 598-611 (23 kDa subunit) of 6-SFT, which are protein 15 regions with little homology with invertases (Sprenger et al. 1995) . The target of the 16 antibody against 430-443 residues was close to Rubisco large subunit in the Western 17 blots, and thus the antibody against the 23 kD subunit, which had a high titer, was 18 preferred. In leaves incubated for 7 h, the densitometric analysis of the proteins 19 separated by SDS-PAGE and further Western blot (Fig. 5 ) indicated that the amount 20 of 6-SFT was increased by light intensity and decreased by nitrate, more so at 10 21 mM than at 1 mM concentration. 22
Incubation of excised leaves in the dark 23
The regulation of fructan synthesis by nitrogen was further investigated in 24 incubations of leaves in the dark, in the absence of carbon supply from 25 photosynthesis. The effect of nitrate was compared with that of trehalose, which 1 induces the expression of genes for fructan synthesis; validamycin A was added to 2 prevent trehalose hydrolysis to glucose which can be metabolized (Müller et al. 3 2000) . The possible osmotic effects of the solutions were assessed by measuring the 4 relative water content of leaves. Compared to leaves incubated in water or 100 mM 5 nitrate alone (99.3 % ± 0.13 and 98.7 % ± 0.16, respectively), leaves incubated in 6 trehalose had lower relative water contents (92.1 % ± 3.0 and 89 % ± 3.0 for 100 7 and 200 mM trehalose, respectively), but within the range for well-watered plants, 8 ruling out that leaves experienced water deficits. 9
Carbohydrate and amino acid contents 10
The concentration of fructan, as those of glucose, fructose and starch at the end of 11 the 24 h dark incubation increased with trehalose and decreased with nitrate as 12 compared with controls in water (Fig. 6) . Sucrose, in contrast, was not significantly 13 affected. When carbon in the various carbohydrates in leaves at the end of 24 h dark 14 incubations was summed and substracted from the initial value under light, it was 15 observed that 61% of the large increase in fructan content when 200 mM trehalose 16 plus validamycin A was fed was not accounted for by mobilization of these 17 carbohydrates in the dark. Analysis of the commercial products showed no sucrose or 18 hexose impurities which could be used for fructan synthesis, and no trehalose 19 hydrolysis by sucrase or fructanase (data not shown). Therefore, either trehalose was 20 metabolized, which is unlikely (Wagner et al. 1986; Müller et al. 2000) , or 21 alternative, not analysed compounds were used as a carbon source for the synthesis 22 of fructan. After 5 h incubations in water under light of leaves previously incubated 23 in the various solutions in the dark, the stimulating effect on fructan content of 200mM trehalose feeding had disappeared, suggesting that fructan had been mobilized, 1 while nitrate still decreased fructan contents when it had been fed alone or in 2 combination with 200 mM trehalose; feeding 100 mM trehalose in the dark had 3 little effect on fructan contents after the subsequent incubation under light. As at the 4 end of the dark period, under light glucose and fructose increased with trehalose and 5 decreased with nitrate preincubations relative to water, while starch was higher with 6 trehalose incubations but, in contrast with glucose and fructose, increased with 7 nitrate. After 5 h in water in the light, sucrose decreased in leaves previously 8 incubated in trehalose and nitrate relative to water. Amino acids increased in the 9 incubation period in water under light relative to the dark levels (Fig. 7) . The amino 10 acid contents decreased with trehalose as compared to water, both after 24 h dark and 11 the subsequent 5 h in water under light. Nitrate had no effect on amino acid contents 12 after 24 h in darkness, while it increased these contents after 5 h in water under 13 illumination. 14
Enzyme activities 15
After 24 h incubations in the dark, the sucrose-dependent fructosyltransferase 16 activity ( Fig. 8 ) increased with trehalose concentration; nitrate decreased this activity 17 both when supplied alone or in combination with 200 mM trehalose, although the 18 effect was not observed with 100 mM trehalose. Invertase activity showed similar 19 responses to the treatments, but they did not reach statistical significance (data not 20 shown). 21
In contrast with fructosyltransferase activity, the activation state of Nitrate 22 Reductase significantly decreased with trehalose feeding as compared to water in the 23 incubations in water and light after darkness (Fig. 9) . Nitrate increased the maximalRubisco activity and activation state were not significantly affected by trehalose 1 feeding in the dark and at the end of the subsequent incubation period in water and 2 light (Fig. 10) . Nitrate increased total Rubisco activity at the end of 24 h incubations 3 in darkness. Following 5 h in water under light, the positive effect of nitrate on total 4
Rubisco activity disappeared in leaves previously incubated in 200 mM trehalose. 5
The effects of dark pre-incubations on photosynthesis were examined in leaves in 6 water 5 h into the light period (Fig. 11) . Photosynthesis was inhibited as the trehalose 7 concentration increased, and tended to increase with nitrate alone or combined with 8 100 mM trehalose, but this increase was suppressed by 200 mM trehalose. 9 induction of fructan synthesis (Wagner et al. 1986; Koroleva et al. 1998; Wang et al. 20 fructan synthesis. Moreover, nitrate also decreased fructan contents with the low 1 carbohydrate status of darkened leaves. This ruled out that the inhibitory role of 2 nitrate was mediated by decreased levels of sugars, which are a substrate and signal 3 for fructan synthesis (Wagner et al. 1986; Pollock & Cairns 1991; Sprenger et al. 4 1995; Müller et al. 2000; Lu et al. 2002) . Therefore, in intact plants nitrate would not 5 decrease fructan simply by increasing carbohydrate export to sinks with an enhanced 6 growth (Wang & Tillberg 1996) . Our Western blot analyses show that, under light, 7 nitrate inhibited fructan synthesis through a decrease in the amount of the enzyme 6-8 SFT, which is consistent with the decreased mRNA for 6-SFT after re-supplying 9 nitrogen found by Wang et al. (2000) . Inhibition of fructosyltransferase activity by 10 nitrate in the dark confirms that the effect was due to a reduction of at least one 11 enzyme of fructan synthesis. Since nitrate inhibited the positive effect on 12 fructosyltransferase activity of trehalose, which increases the expression of 6-SFT 13 mRNA (Müller et al. 2000) , it possibly repressed gene expression for this enzyme. 14 The trehalose-induced accumulation of fructan in the dark is at variance with the 15 results of Müller et al. (2000) and may derive from undetermined carbon sources 16 rather than from trehalose metabolization. These results indicate that nitrate was a 17 negative signal for fructan synthesis, independent from carbohydrate level and 18 overriding carbohydrate signalling. Nitrate has been shown to be a regulatory signal 19 for several enzymes for nitrogen uptake and assimilation and organic acid and 20 carbohydrate metabolism (Stitt et al. 2002) . In particular, the other major storage 21 carbohydrate, starch, has been shown to decrease with nitrate through decreased 22 ADP-glucose pyrophosphorylase transcripts. The coordination of nitrogen and 23 carbon metabolism includes, therefore, fructan synthesis, which is regulated by 24 nitrate in an independent and antagonist way from carbohydrate signalling. In a clonal line of transgenic white clover accumulating high levels of fructan, 21 photosynthesis and carbohydrate contents were also decreased (Jenkins et al. 2002) .
While inhibiting fructan synthesis and accumulation under light, nitrate increased 23
Nitrate Reductase activity and amino acid levels, as observed in previous studies 24 ( Morcuende et al. 1998) . Notably, the increase in fructan synthesis with dark 25 incubations in trehalose occurred along with a decrease in activation and thus activity 1 of Nitrate Reductase and with decreased amino acid levels. This inhibitory effect of 2 trehalose on enzyme activation is the opposite to the enhancement caused by feeding 3 sucrose and glucose which can be metabolized to sucrose (Morcuende et al. 1998), a 4 stimulation which can be due to the inhibition of Nitrate Reductase kinase by hexose 5 monophosphates (Kaiser and Huber 2001). Deactivation of Nitrate Reductase by 6 trehalose in darkened leaves and leaves illuminated after darkness was associated 7 with increases in contents of glucose and hexose monophosphates (not shown) in 8 both situations, and with sucrose levels unchanged in the dark and decreased in the 9 light. In view of this result, a role for trehalose mediated by these sugars is difficult 10 to envisage. Trehalose might act through a different, still unknown mechanism. In 11 addition, feeding trehalose in the dark inhibited the stimulatory effect of nitrate on 12 total Nitrate Reductase activity at the end of the dark period and after 5 h in the light, 13 which could suggest that the induction of gene expression for this enzyme by nitrate 14 (Srivastava 1980; Pouteau et al. 1989; Cheng et al. 1992) 
